Resonance Raman scattering from a homonuclear diatomic molecule is considered in detail. For convenience, the scattering may be classified into three excitation frequency regions-off-resonance Raman scattering for inciderit energies well away from resonance with any allowed transitions, discrete resonance Raman scattering for excitation near or in resonance with discrete transitions, and continuum resonance Raman scattering for excitation resonant with continuum transitions, e.g., excitation above a dissociation limit or into a repulsive electronic state. It is shown that the many differences in scattering properties in these three excitation frequency regions may be accounted for by expressions derived from simple perturbation theory. Scattering experiments from molecular iodine are presented which test and verify the general scattering theories. Spectral measurements, time decay measurements, and pressure broadening measurements were made on I, in the discrete resonance Raman scattering region; and spectral measurements at several excitation frequencies were made in the continuum resonance Raman scattering region. In each cace calculations based on general theories correctly describe the experimental data.
I. INTRODUCTION behavior in these three regions is s o great that they
Over the past few years a great deal of interest has developed in the understanding of resonance Raman scattering and its application to problems in chemistry, physics, and biology. Most of these studies have been devoted to either solids or complex biological molecules, and relatively little attention has been given to simple gaseous molecules. Resonance Raman scattering i s generally not well understood, and the work on solids and complex molecules has done little to clarify the basic mechanisms. In solids, the lack of success may be attributed to complicated electronic structures, impurities, anisotropies, and ill defined electronphonon interactions. Similarly, biological molecules often have strong complex absorption bands; vibrational modes may not be readily assigned; broad fluorescence frequently obscures the discrete structure; and the spectra have a marked excitation frequency dependence. In contrast, the electronic structure of some small molecules a r e quite simple and very well known. Therefore, the properties of the light scattering from such molecules as the incident laser frequency is varied from nonresonance, to resonance with discrete vibration-rotation levels of an excited state, and then at high laser energies to resonance with continuum states, should serve to elucidate the nature of the fundamental processes. In this paper we discuss the scattering behavior of monochromatic light when the intermediate states a r e isolated discrete vibrationalrotational levels of a diatomic molecule and the scathave been used to classify1 the re-emission into normal Raman scattering, resonance fluorescence, and resonance Raman scattering, respectively. This empirical classification, resulting from the marked differences in the scattering behavior, have led to a popular belief2 that fundamental theoretical differences exist between Raman scattering, resonance Raman scattering, and resonance fluorescence. As pointed out recently by Behringer, 3 * 4 this problem i s not new, but dates back to the turn of the century with the question of the differences between ordinary Rayleigh scattering and resonance Rayleigh scattering. Since this time, two schools of thought have evolved concerning the origins of resonance and nonresonance scattering. The first asserts that the long-lived resonance fluorescence process is a different physical process than short-lived resonance am an scattering. The distinction between the processes is made by asserting that in resonance fluorescence the excitation and re-emission may be divided into a real absorption followed independently by a real emission. In contrast, it is argued that in Raman scattering (or Rayleigh scattering) this bisection of the elementary processes is impossible. It is consequently concluded that two distinguishably different physical processes account for these phenomena. The other viewpoint is that resonance fluorescence and Raman scattering, including resonance Raman scattering, a r e all one process with the empirical differences interpretable from the excitation frequency differences tering behavior when the intermediate states belong to alone.
a continuum.
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FIG. 1. Classification of
Raman scattering according to l a s e r frequency. A. The incident l a s e r frequency i s f a r from resonance with any real electronic transition, so normal Raman scattering is' observed. B. The incident l a s e r frequency i s in the region of discrete levels of a single electronic intermediate state. We t e r m this process discrete resow nance Raman scattering. C. The incident frequency i s in
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a1 broadening effects a r e small, no distinction between resonance fluorescence and resonance Raman scattering may be made. From perturbation theory a general expression may be derived which is valid for scattering of monochromatic light independent of the excitation frequency. The spectrum of scattered light obeys this simple formalism and varies in a predictable systematic way with excitation frequency. From the theory
Ranzan scattering. In the center, when the incident frequency is in the region of discrete vibronic transitions we term the re-emission discrete resonance Raman scattering independent of whether o r not the incident frequency is a t exact resonance. To the right, when the incident frequency is above the excited state dissociation limit in a continuum region, we label the re-emission a s continuum resonance Raman scattering. i t is clear that even for exact resonance the excitation To illustrate the general light scattering principles and the re-emission process a r e not independent, bediscussed in this paper we have selected molecular cause the emitted photon retains the phase information iodine a s an example. I, was chosenfor the experiments of the excitation step.
because it is nearly ideally suited both experimentally At exact resonance, the scattering amplitude diverges owing to the pole in the denominator, and a damping term must be included. If we take the relevant matrix elements t o be real, then doing s o introduces an imaginary component into the scattering amplitude which is strongly peaked at this resonant frequency. It then becomes tempting t o classify the real part a s resonance Raman scattering and the imaginary part a s resonance fluorescence. This arbitrary separation into ill-defined processes is confusing, however, since each term results from the s a m e perturbation expression. The contributions from each term a r e most clearly seen in scattering from continuum intermediate states, in which case the real and the imaginary terms contribute about equally to the scattering intensity and no physical differences between the scattering resulting from the two contributions may be made. Furthermore, in considering resonance with a single sharp intermediate state the scattering characteristics vary in a smooth continuous manner according to the Lorentzian line shape function of that state, and the question of where and theoretically. First, iodine's electronic structure and the energies of the vibrational-rotational levels a r e very well known6 from fluorescence, predissociation, and photofragmentation experiments. Secondly, iodine i s a single isotope, homonuclear diatomic molecule with only a single vibrational degree of freedom. Finally, a s illustrated in Fig. 2 , the presence of an excited electronic state with a dissociation limit at 20, 162 cm-I above the bottom of the ground state well, makes it possible to investigate resonance processes below the dissociation limit (in the discrete resonance Raman scattering region) and above the dissociation limit (in the continuum resonance Raman scattering region) with conventional argon and krypton ion laser sources.
As was indicated in Fig. 1 , analysis of light scattering spectra divides naturally into three distinct regions with very different characteristics. The characteristics' from each of these regions a r e listed in Table I and discussed in greater detail below. resonance fluorescence ends and resonance Raman
In the case of ordinary nonresonance Raman scatscattering begins becomes obviously meaningless.
tering, the reradiation i s characterized by the follow--. For ease of discussion we wish t o classify the range ing: (1) The Rayleigh line is strong and the fundaof laser frequencies into three distinct regions. This mental vibrational transition (Av = 1) is weak. The classification is illustrated in Fig. 1 . On the left, higher overtones a r e weaker yet and a r e generally not when the incident frequency is far from resonance with observed at all in the spectrum; (2) The scattered band a real transition we label the re-emission as normal envelope is relatively broad, may have some structure, and exhibits no dependence on the excitation frequency; (3) The scattering intensity varies slowly and smoothly (an w4 dependence) with excitation frequency; (4) The Stokes-anti-Stokes ratio may be calculated from the Boltzmann factor; (5) The scattering time is very fast; (6) Addition of foreign gas does not quench the scattering intensity; (7) The Q branch depolarization ratio is small, with the exact value determined by the anisotropy in the polarizability.
At higher incident laser frequencies in the region of discrete resonance Raman scattering the properties of the re-emission a r e significantly different: (1) The overtones may be of comparable intensity and in fact may be a s strong a s the Rayleigh line. The ratio of the intensity of one overtone t o the next varies erratically; (2) With sufficiently narrow excitation each overtone consists of only a few very sharp lines. Their widths a r e limited by the combination of the natural, collisional, and Doppler broadening in addition t o possible nuclear hyperfine splitting. The structure within each overtone changes erratically with small incident frequency shifts; (3) The scattered intensity varies wildly with excitation frequency; (4) The Stokes-anti-Stokes ratio is not simply related to the ground state population factors and in fact the anti-Stokes intensity may be greater than the Stokes intensity in some cases; (5) At exact resonance the scattering time is long and is typically in the range of 10-5-10'8 sec, although a s the incident frequency is moved away from exact r e sonance the scattering time becomes very short; (6) Addition of foreign gas strongly quenches the intensity; (7) Generally the scattering of the Q branch i s depolarized, with a depolarization ratio of $.
In the region of continuum resonance Raman scattering the observed spectra a r e substantially different from those in the discrete resonance case: (1) Again there a r e numerous overtones with comparable intensity to the fundamental and the Rayleigh line, The intensity variation from one overtone t o the next i s now very regular; (2) The band envelope within each overtone region appears broad with considerable structure which smoothly changes as the excitation frequency i s varied; (3) The scattering intensity varies with the excitation frequency in a smooth systematic way; (4) The Stokes-anti-Stokes ratio is not solely related to the ground state population factors but varies systematically with incident frequency; (5) The scattering time is fast; (6) Addition of foreign gas does not quench the intensity; (7) The depolarization ratio is small and may be calculated from the electronic structure of the molecule.
These disparate properties may be interpreted by using standard second order perturbation theory. In the next section the relevant expressions a r e derived and in the following sections we use these results to discuss the interpretation of the properties listed here. We also present data obtained on molecular iodine which tests the validity of several aspects of the formalism.
II. THEORY
The total scattering intensity I, in photons per molecule per second for a transition from the initial ground state, I G), to the final state, IF), may be given by the standard e x p r e s s i~n~*~ Here c is the velocity of light, I, i s the incident intensity at frequency u,, and w, is the scattered frequency (~y,,),, is the polarizability tensor for the transition from I G) to IF) with incident and scattered polarizations indicated by a and p, respectively. The second order perturbation expression f o r (a,,),, is In this expression w, , is the energy spacing between an excited rovibronic state I I ) and the ground state I G); and p is the electron momentum operator. For the subsequent discussion we will neglect the second term in Eq. (2), since near resonance it is small in comparison to the first term owing to its large resonance denominator. In addition, for simplicity we will neglect the polarization subscripts. It must be noted that Eq. (2) is completely general and i s expected to correctly treat both Raman and fluorescent processes within the limits of pertrubation theory. However, i t is very difficult to make meaningful interpretations or calculations from it because the states IF), I G), and I I ) must be described by complete rovibronic wavefunctions which depend on both nuclear and electronic coordinates. A variety of approximations and expansions a r e therefore made at this point, 2 1 8 * 9 after which the basic physical processes often become obscured. In the discussion presented here we have adopted a very simplistic approach, but one which makes very transparent the frequency dependence of the light scattering. This general approach and other more sophisticated ones may be found in a variety of more lengthy discussions of the theories of Raman and resonance Raman scattering.
In order to make Eq. (2) more manageable7 it is first convenient to separate out the vibrational wavefunction by using the Born-Oppenheimer approximation, dJe,v= Qe(r, R)ve,v(R)
(3
Here qe,, is the total vibronic wavefunction; Qe(r, R) is the electronic wavefunction (with electronic quantum number e ) which depends on the electron coordinates r and the nuclear coordinates R. qeVv(R) is a vibrational wavefunction of electronic state e with vibrational quantum number u.
In writing Eq. (3) in this form we implicitly ignore the dependence of the wavefunctions on molecular orientation (the angular coordinates of R). Inclusion of this dependence in the matrix elements of Eq. (2) only results in a multiplicative factor which depends on the rotational quantum numbers and on the polarization of the incident and scattered light. This factor i s responsible for the dipole selection rule on rotational transitions, but in most of the following discussion it plays no other role and for clarity of presentation it will be ignored. In the discussion of continuum resonance Raman scattering we will want to compare intensities of lines with different rotational quantum numbers, and in Eq. (26) this rotational factor reappears a s the factor b , . Detailed evaluation of these rotational matrix elements has been carried out most recently by Silverstein and St. peters" and by Jacon and Van Labeke. l1 By substituting Eq. (3) into Eq. (2) 
in which expression the electronic matrix element is M(R) = ( e e F (~, R) 10 ( e e r (~t R))
(5
The electronic matrix elements, such a s those shown here, a r e expected to be weakly varying functions of the internuclear separation R, s o they may be expanded in a rapidly converging Taylor series,
In this equation M(5,) is the electronic matrix element evaluated at the equilibrium internuclear separation <,, and A 5 is the deviation from this separation. For simplicity, the expansion was carried out in a dimensionless variable 5 where p is the reduced mass of the oscillator and w, its harmonic frequency.
Using the Taylor expansion we obtain for the zeroth and 1st order terms in the perturbation series
(8)
Now the states I g) and I f ) correspond to vibrational wavefunctions of the ground electronic state and l i ) to the vibrational wavefunctions of the excited electronic state. For simplicity, we now a r e considering only a single excited electronic state. It should be pointed out that the matrix elements of the type (f l i), etc., correspond to Franck-Condon overlap amplitudes. To understand the expected intensities in a light scattering experiment we must determine the magnitude of the two terms in Eq. (8) in various limits.
A. Normal Raman scattering
First let us consider the condition7 that the incident laser energy i s very much less than the energy w, , needed for a real transition, i. e., w, << w,, . This represents off-resonance light scattering a s indicated in diagram A of Fig. 1 . Because of the above inequality the denominator in both terms may be considered nearly a constant, Q = w,, -w, , and the sum over intermediate states may then be contracted using completeness to give
The vibrational wavefunctions a r e orthogonal s o the matrix element in the first term gives a Kronecker delta function in the inital and final vibrational quantum numbers, vi', v;' , and if we assume the ground electronic potential i s harmonic the second term vanishes unless v;' = v: ' i 1. Therefore, for off-resonance light scattering where
We s e e from Eq. (10) that the first term results in unshifted scattered radiation (Rayleigh scattering) and the second term gives re-emission shifted from the incident photon by plus or minus one vibrational quantum, hence Raman scattering at the fundamental frequency. Because the Taylor series is rapidly converging, the Raman term is expected to be very much weaker than the Rayleigh term, and higher order terms in the expansion which result in overtones in the Raman spectrum a r e expected to be weaker yet. Indeed, from a comparison of the Rayleigh to Raman scattering cross sections in simple gases it appears that the experimental ratio of intensities of the coefficients of the two terms in Eq. (10) is typically about 3 orders of magnitude.
The weak variation of the energy denominator in Eq. (8) may be treated by expanding it in a Taylor series about some average frequency, Q. Doing s o results in the addition of another term in Eq. (9) proportional to (f l A5 Ig). This term may be significant and should be included in any detailed study of off-resonant Raman scattering, but its inclusion leaves the predicted qualitative behavior of the scattering unchanged-the Rayleigh line i s much more intense than the fundamental, etc. Since we a r e primarily interested in resonant scattering, for which case all approximations based on a slowly varying denominator fail completely anyway, a more complete discussion of these approximations would lead us too far afield and we refer the reader to Ref. 8, where a complete discussion i s presented.
B. Discrete resonance Raman scattering
Frequency spectrum
In the limit of the laser frequency coinciding with a real transition (w, = w,,) for some l i ) independent of whether or not the levels a r e discrete or continuous, a situation completely different from the nonresonance case arises. In this resonance condition in the sum over states in Fq. (8) in no approximation whatsoever a r e the denominators constant, s o the completeness argument fails and all terms may contribute to both the Rayleigh and the Raman scattering. However, because of the rapidly converging Taylor series in which the coefficient of the second term in typically about 3 orders of magnitude smaller than the first, most of the Rayleigh and the Raman scattering intensity will now result from the first term alone i. e.
No longer is there a selection rule discriminating against overtones, but instead the overtones a r e expected to be strong and dependent only on the magnitude of the appropriate Franck-Condon overlap factors.
Further simplifications of Eq. (11) may be made for discrete resonance Raman scattering. When the incident frequency i s in the discrete resonance region and resonant with a specific initial to intermediate state transition then that transition should dominate the summation and all other transitions a r e weak in comparison. Equation (11) may then be written
Note that because we a r e now considering resonance with a single discrete state, it is necessary to include the damping term, ir, which was omitted from the previous formulas for simplicity. The linewidth, r, was of course not important in the off-resonance Raman case because it was s o small in comparison to w,, -w, . From Eq. (1) we then obtain the following expression for the scattering intensity:
From this equation we s e e that the structurein the spectrum of the re-emitted light then will depend on the specific vibrational and rotational quantum numbers of the selected excited state. The intensities of the successive overtones will vary erratically depending on the magnitudes of the Franck-Condon overlap factors connecting the intermediate and final states. A slight change in incident frequency will bring about resonance with a different discrete state of the complicated excited state vibration-rotational manifold, with different vibrational and rotational quantum numbers s o that a completely different appearing re-emission spectrum may be observed. The effect of collisional energy redistribution further complicates this spectrum a s will be seen later.
Re-emission lifetime
While the above discussion described the frequency dependence of the intensity variations for discrete Raman scattering, time dependent excitation intensities12 a r e needed to understand the re-emission lifetime behavior. Consider a simple three level system such a s that shown in Fig. 3 . The scattering process consists of the absorption of an excitation photon (frequency w,) and the emission of a Raman shifted photon (frequency w,) with a consequent change in the system state from Ig) to If). Although throughout this section we use Raman scattering a s our model in the lifetime calculations, the arguments a r e equally applicable to Rayleigh scattering. We now apply a pulse of light, such as that shown in Fig. 4 , of frequency o, to the system and ask what the time response of the Raman shifted re-emission is. For the moment we consider arbitrary pulse shapes, with the only restriction being that the pulse intensity i s zero for t < 0. For weak excitation fields, the time response of the Raman shifted radiation may be determined by treating the excitation pulse as a perturbation on the system and using second order time dependent perturbation theory to calculate the probability amplitude for the system to be in state If ), with the emission of a Raman photon (w,), and the absorption of a laser photon (w,) at time t given that at t = 0 it was in I g). This amplitude will be denoted by ( f ; w, l q2(t)), where w, is the frequency of the re-emitted Raman photon, and the subscript 2 indicates that the state I $) is correct to second order.
If the re-emission is observed with a spectrometer with frequency resolution function g(w), then the observed intensity of the Raman shifted radiation has the following proportionality:
In order to eliminate distortions of the time response FIQ. 3. Model three level system for considering discrete resonance Raman scattering. w~ and w, a r e the incident and scattered frequencies, respectively. of the Raman intensity caused by using too narrow a frequency filter, the spectrometer frequency resolution is taken to be sufficiently broad that it passes essentially all of the Raman reradiation. Doing so, we may s e t g(w) = 1.
If the excitation field i s given by E,(t) = ei"~'s(t), where S(t) = 0 for t 5 0, then the second order transition amplitude may be written where Here of, and wig a r e the energies of the states If) and l i ), relative to Ig) ; (2I3-l is the natural lifetime of the state l i); and the variables of integration, 7, T', correspond, respectively, to the time of absorption of a laser photon and the time of re-emission of a Raman photon.
Although the algebra is somewhat tedious, the integral in Eq. (15) may be carried out and Eq. (14) evaluated. It is simpler, however, to note13 that the time dependence of the re-emitted light intensity is determined by the time evolution of the population of the intermediate state, i. e., where I (i I ql(t)) 1 is the admixture of the intermediate state I i) into the state Ig) by the perturbation, E,(t), correct to first order. In analogy with the preceding discussion, this quantity is determined by 1
Using the above formulation, other pulse shapes such
a s a cusp function, may be handled with equal facility, We have chosen the shape shown in Fig. 4 because it where does not require the excitation to have been turned on
for an infinite time in the past, and since by choosing T sufficiently large, the deconvolution of the input pulse from the output is relatively easy. Using Eq. (17) in Eq. (16), we obtain for the observed Raman intensity Specifically, the function S(t) is defined by
Upon specification of the pulse envelope function,
S(t), the evaluation of G(t) proceeds simply. For (19) clarity of discussion, we take pulse to be a s shown in where T i s the pulsewidth, and y-I gives the r i s e and Fig. 4 . Finite exponential r i s e and fall times a r e fall time of the electric field of the pulse. Letting Aw assumed in order to minimize the effects of transients.
= w,, -w, and 8 = y -r, the general result is
Putting Eq. (20) into Eq. (18), the time dependence of the re-emission i s determined.
To obtain a qualitative understanding of the behavior of I G(t) 1 ' , it is desirable to take the excitation pulse r i s e and fall times to be much faster than the natural lifetime of the excited state, that is, y>> I'.
Under this condition for exact resonance, Aw = wit -w, = 0, we get 2 I G(t) I f o r this case, a s shown in Fig. 4 , has a r i s e and fall time characteristic of the natural response time of the system (2r)-'. However, far off resonance, the response i s "fast" in that it follows the excitation pulse, a s may also be seen from Eq. (20) by taking the case in which the shift from resonance is much greater than the Fourier broadening of the pulse, i. e. , Aw >> y.
Then,
The behavior of I G(t) 1 under this condition is also shown in Fig. 4 . The case for Aw = y is more complicated because the behavior is, in this case, determined by the rapidly oscillating sin and cos terms in Eq. (20).
From Fqs. (21) and (22) we find that on resonance the time response is "slow, " being limited by the natural lifetime of the excited state. Off resonance, the time response i s fast, being limited by the temporal line shape of the probing pulse. The question of what the scattering time i s in the intermediate region is an interesting one. Intuitively, we would expect the lifetime to be governed by the uncertainty principle. In this argument the lifetime At for the re-emission i s expected tobe limited by the frequency difference Aw between the excited state transition frequency and the incident frequency, i. e., At = l / A w . That is, if energy is not conserved in the transition to the excited state, by an amount Aw, then the time the molecule can spend in the state if limited to l / A w . Unfortunately, efforts to measure such a scattering time a r e complicated because the precise definition of the scattering time becomes unclear owing to limitations imposed by the frequency-time uncertainty principle.
In order to measure a scattering time T in an offresonance experiment, we must sharpen the r i s e and fall times (2y)-' of our excitation pulse s o that TL (2y)-'.
If we expect a scattering time T of order l / A w , then this requires that Aw < y. In this region I G ( t ) 1 a s given by Fq. (20) is rather complicated, with a strong oscillatory component at frequency Aw. The leading and trailing edges of the response pulse a r e by no means exponential, s o that an unambiguous measurement of the scattering time is impossible. The cause of difficulty is easy to uncover. By temporally sharpening our ex-citation pulse, we have broadened its frequency spectrum by an amount y2 Aw. We now s e e re-emission from a range of excitation frequency components, some of which a r e resonant with the initial transition. The oscillatory behavior results from an interference of each of these re-emission components. Because even in physically allowable "gedanken" experiments a direct measurement of the scattering time fails, l4 the question of the detailed nature of its variation with incident frequency must be approached with some care, We can say that on resonance (AIJ = O), the scattering time 7 for the Raman process i s equal to the natural lifetime of the excited intermediate state involved, and off resonance, T S l / A w . As we will discuss later, this prediction is completely consistent with all of our experimental results,
Collision effects
The frequency behavior of the scattering of monochromatic light in situations where collisions a r e important was derived first by ~u b e r '~ and later by Mollow and Omont et nl., l6 and the theory for the temporal behavior under such collisions was derived by Huber. '' In the derivation of the expected spectral re-emission properties that take place when molecular collisions may occur, l 5 the collisional processes were treated in the impact approximation. We obtain for the Raman scattering
We have neglected Doppler broadening and broadening of the ground and final states. The intermediate state linewidth consists of three Lorentzian contributions: yN corresponds to the natural lifetime; y, i s the broadening resulting from a shorter lifetime caused by inelastic collisions, i. e., those collisions in which the molecule i s knocked into a different quantum state; and y, is the contribution from quasielastic collisions, i. e., those collisions in which the phase of the oscillator is interrupted but it remains in the same quantum state. Note that the first term in braces in this equation is equivalent to our previously derived Eq. (13).
In the limit of a very low pressure gas y, and y, a r e zero, s o the second term in the braces in Eq. (23) vanishes. In this low pressure limit, and where only one intermediate state i s contributing to the scattering amplitude, the first term in Eq. (23) fully characterizes the light scattering. There is a phase memory between the incident and scattered radiation and for an individual molecule the scattering process is coherent regardless of whether or not the incident frequency coincides with the center frequency of the transition. When the incident frequency is moved away from resonance, the intensity of the scattered light varies in a Lorentzian manner a s defined by Eq. (23) and may be appropriately termed Raman scattering (resonance Raman scattering for exact resonance).
As the gas pressure is increased, the second term in the braces in Eq. (23) becomes important. This term represents a physically distinguishable process, resulting from a disturbance in the excited state such that the phase is randomized. The re-emission intensity for this incoherent process compared to the Raman process is given by the probability for elastic collisional broadening divided by the probability for radiative re-emission without suffering an elastic collision, i. e., y, /(yN+ y,). Since all phase information is lost in the collision, in contrast to the Raman term this term corresponds to independent absorption and emission processes. The emission resulting from the second term in Eq. (23) is redistributed over the full width of the pressure broadened excited state, and independent of the excitation frequency, it is centered at the resonant energy and has a lifetime of l/(yN+ y,). Obviously this may occur only if the line broadening mechanism includes a relaxation process which can take up or remove energy. In gases this occurs through quasielastic collisional broadening where during a collision the phase of the oscillator is interrupted but the molecule remains in the same quantum state. Because this term results in a redistribution of the incident energy, to maintain generality we shall refer to it a s the redistribution term, We emphasize that the redistribution scattering requires the presence of some excited state relaxation process. In the absence of such a process only the Raman scattering remains, even for exactly resonant excitation. Simple energy conservation arguments then require the re-emission linewidth to be independent of the excited state linewidth. A similar derivation using density matrix formalism was carried out by hen '' for solids and in Ref. 19 , where the assumption was made that the ground state linewidths were very narrow, and an expression equivalent to Eq. (23) was obtained.
The temporal response of this term under pulsed excitation was investigated theoretically by ~u b e r " and a general expression was derived describing the time dependence of the intensity. Evaluating his expression (Eq. 3.11 from Ref. 17) for slightly offresonance excitation, we obtain a time decay in the limit of negligible collisional broadening effects of e-Yt consistent with our previous result. This result was obtained by assuming negligible collisional broadening and that the natural lifetime r is significantly longer than the decay time of the excitation pulse y, If, on the other hand, the collision effects a r e large, we obtain a time decay of e -r t . We s e e then that the contribution to the time decay of those molecules unaffected by collisions is one that follows the laser pulse, while the contribution from those that have un-dergone pseudoelastic collisions has the time response of the intermediate state.
C. Continuum resonance Raman scattering
For excitation into the continuum, 20 just a s in the case of discrete resonance Raman scattering, we must consider Eq. (11): and again we would expect overtones to be strong and depend only on the magnitude of the appropriate Franck-Condon factors. Here, because we a r e dealing with a continuum, we may assume the limit of infinitely narrow states and it is not necessary to include the damping term, However, a s will be discussed later, i t i s necessary to somehow accommodate the pole which occurs for those continuum states at exact resonance.
For excitation into a continuum the resonant denominator no longer picks out a single vibrational-rotationa1 state transition. Instead, all populated vibrationalrotational levels of the ground electronic state a r e at resonance with some continuum state. The re-emission observed in a given overtone now, rather than resulting from a single vibrational-rotational transition, i s composed of a summation of lines resulting from Raman transitions from all the populated levels. This large number of superimposed bands has an averaging effect on the overtone intensities and frequency dependence. An additional difference exists between the discrete and continuum resonance cases, In the discrete case a given line in the re-emission spectrum results from single excited state energy level. Because of the A J = * 1 dipole transition selection rule, the next closest intermediate state which could contribute to the intensity of that line is one separated by the excited state vibrational spacing. Because of the resonance denominator this "off-resonance" scattering does not contribute significantly to the intensity of the line in question. In contrast, though, in the continuum region the spacing of vibrational levels is effectively infinitesimal, and a given re-emission line gets intensity not only from the continuum state it is in exact resonance with but also from other nearby continuum states that a r e only slightly off resonance. This serves as an additional averaging effect on the intensity. In the continuum resonance case the various overtones, rather than varying in a haphazard manner as in the discrete case, vary in a systematic manner because of those two averaging effects, Similarly, when the excitation frequency i s changed the form of the spect r a change in a very continuous and systematic manner as certain vibrational-rotational states become weighted more or l e s s heavily by the combination of the FranckCondon factors and the resonance denominator.
D. Conclusions from theory
The behavior of the scattering as the incident laser frequency is varied from nonresonance, to resonance with discrete states, then at higher energies to resonance with continuum states should now be apparent and the differences in the properties listed in Table I reconcilable. In particular, according t o Eq. (10) for nonresonance Raman scattering wertones would be expected to be very weak in comparison to the fundamentals. In addition, the spectrum of the fundamentals should be highly structured owing to all the allowed Raman transitions from all the populated vibrationalrotational levels. In contrast, in the continuum region the scattering according to Eq. (11) should cons i s t of numerous overtones of similar intensities and each having a great deal of structure. The scattering intensity in this case is governed by the weighted sums of the Franck-Condon overlap amplutides. When the incident frequency lies in the discrete region, the continuum contribution i s now obscured by the strong resonances with specific intermediate states. Again there should be numerous overtones but the intensities of the various wertones should vary erratically because of the variations in the (f I i) overlap factor in Eq. (12).
When the incident frequency i s varied in normal Raman scattering, because it is far from resonance and the resonance denominator may be considered to be constant [see Eq. (9)], all of the frequency dependence is left in the wb factor of Eq. (1). On the other hand, for discrete resonance Raman scattering a small change in incident frequency causes the resonance to occur with a different intermediate state [~q . (12)] s o a completely different spectrum is observed. In continuum resonance Raman scattering the spectrum also changes with excitation frequency, but owing to the averaging effects discussed the changes a r e smooth and continuous. The Stokes-anti-Stokes ratio for nonresonance scattering is proportional to the population of the state involved. In both discrete and continuous resonance Raman scattering this ratio i s not solely population dependent because the overlap factors also affect the experimental ratio, An upper limit for the scattering time of a Raman process is approximately (Aw2+ r2)-1/2, where r is the natural linewidth. In the discrete region for exactly resonant excitation, Aw = 0, s o the scattering time i s given by the natural lifetime of the state involved, typically 10-~-10-' sec. For incident frequencies off resonance with the discrete transition and for normal off-resonance Raman scattering, the upper limit of the scattering time i s given by ~/ A W (typically 10-14-1~-15 s e c in the normal off-resonance Raman scattering case); and in continuum resonance Raman scattering an upper limit may be given by the time needed for the atoms to fly apart (-lo- '' sec) . Although the definition of the scattering lifetime becomes unclear in these situations because a direct measurement by time decay can no longer be made, the manifestations of the shortened time for the molecule-photon interaction do have a predictable effect on other physically measurable properties such as foreign gas quenching; namely, quenching is observed only when the gas collision rate is comparable to the time for re-emission. Consequently, for off-resonance Raman scattering and for continuum resonance Raman scattering where the scattering time is fast, quenching of the Raman intensity is observed only a t very high foreign gas pressures. On the other hand, for discrete resonance Raman scattering at exact resonance quenching i s observed a t very low foreign gas pressures (fractions of a n atmosphere).
As the incident frequency i s moved away from exact resonance in the discrete region, the time for re-emission becomes faster and quenching i s only observed at higher pressures (-1 atm).
The depolarization ratio of Sand 0 rotational branches is independent of the incident frequency, but the depolarization factor of the Q branch varies with the excitation frequency. For normal Raman scattering it is typically 0.001-0.01 and depends of the anisotropy of the polarizability. 22 In resonance the depolarization behavior has been treated recently by silverstein" and by Jacon and Van Labeke. " In each case they used perturbation theory and showed that, for high J, the discrete resonance Raman Q branch depolarization ratio is $ and for continuum resonance Raman scattering it i s $ if the angular momentum along the internuclear axis i s zero.
Ill. EXPERIMENTAL RESULTS A N D DISCUSSION
Spectral and lifetime measurements were made on molecular iodine to test the scattering theories, The well-established electronic states of I, make i t a very suitable choice for such studies. As shown in Fig, 2 , the excited state potential function B (~I I , +, ) has a dissociation limit 20 162 cm-' above the X('C ,+,) ground state. As such, there a r e several argon ion laser lines with frequencies above the dissociation limit and several argon ion and krypton ion laser lines below the limit, making the experimental studies in both regions straightforward, Numerous scatteringatz4 (or fluorescence) studies have been carried out in both regions but in general the emphasis has not been on detailed frequency dependence studies. We have, under high resolution conditions, studied the spectral changes occurring with several different excitation frequencies above the dissociation limitz0; and we have measured the spectral and temporal changesz5 as the incident laser frequency was tuned away from resonance with a transition to a single discrete state. Our results a r e consistent with the preceding theoretical discussion and with the characteristics listed in the second and third columns of Table I. The spectral measurements were obtained in a standard manner. Coherent Radiation Models 52 and 53 a rgon ion lasers were used a s the excitation sources, and the light was focused into the gaseous reagent grade I, with a short focal length lens. The scattered light was gathered at right angles and focused onto the slits of a Spex 1401 Double Monochromator. The dispersed light was detected with an ITT FW-130 photomultiplier, amplified, and displayed on a strip chart recorder.
A. Discrete resonance Raman scattering
In these experiments the reagent grade I, was distilled several times prior to distillation into a sealed quartz spectroscopic cell. The pressure of the I, in this cell was controlled by placing a low temperature bath around a side a r m on the cell. Typically, however, experiments were run with the side a r m either at room temperature giving an I, pressure of -0.25 T o r r or at ice temperature giving a pressure of -0.03 T o r r . In these experiments great care was taken to insure that no residual a i r remained in the sample cell, a s it would yield spurious data due to quenching.
Frequency spectrum
The re-emission from I, in the region of discrete transitions i s characterized by a s e r i e s of overtones of erratically varying intensity a s shown in Fig, 5 . This spectrum was obtained by single mode excitation in the 5145 A region. The vibrational fundamental appears at about 213 cm" and each overtone i s separated by about this frequency. We have arbitrarily stopped the spectrum after the Av'' = 9 line, but several more overtones may be readily seen, Each of the overtones results from a transition to a specific intermediate excited u' state, in this case u' = 58 of the B state, and then a re-emission to the ground state with the overall change in the vibrational quantum number indicated in the figure. When the rotational selection rule for a dipole transition is AJ= * 1, a s it is in I,, a pattern of doublets i s observed in the emission, as seen here. This occurs because after the initial transition to the excited state with rotational quantum number J' re-emission to final states with J" = J ' + 1 or J" = J' -1 a r e possible, resulting in a doublet. The overall change in the ground state vibrational quantum number J" then will be 0 and + 2 if the initial state is J' -1 (designated an R transition) and it will be 0 and MHz. The top spectrum, labeled Mode t 20, was taken at the same laser frequency as the spectrum in Fig. 5. tion). The specific re-emission seen in Fig, 5 results from an initial transition from the u" = 1 vibrational and J" = 99 rotational level of the X state to the u' = 58, J' = 100 level of the B state and is therefore termed a 58' -1" R(99) transition.
As discussed in conjunction with Eq. (12), for discrete resonance Raman scattering only one intermediate state dominates the scattering, resulting in the re-emission doublets seen here. The intensity variation between overtones results from variation in the Franck-Condon overlap factors between this intermediate state and the final state, i. e., (f l i). The additional structure seen near some of the overtones results from collisional transfer lines and re-emission lines from additional intermediate states that a r e only slightly out of resonance. In the spectra reported here the linewidth of the individual lines is limited by the spectrometer resolution, but in line shape measurements with a Fabry-Perot spectrometer the expected Doppler plus hyperfine widths have been observed.
By changing laser modes it is possible to change from resonance with one intermediate state transition to resonance with another. In Fig. 6 a higher resolution spectrum of the vibration fundamental region of GHz (labeled Mode # 0). In shifting the frequency by only 2.5 GHz, the emission doublet has disappeared entirely and a triplet is now observed. The triplet i s seen because the laser is now at resonance with two transitions-one a ~ [ 4 3 ' -0 " ~( 1 3 ) ] and one an R[43 '-0" ~( 1 5 ) ] resulting in overlapping Q branch AJ" = 0 and 0 branch (AJ" = -2) and Q branch and S(AJ" = + 2) branch contributions, respectively.
Re-emission lifetime
The lifetime measurements were made on an apparatus built and describedzs by R. Z. Bachrach in which the time decay i s measured by a delayed coincidence technique. Again, Coherent Radiation Model 52 and 53 argon ion lasers were used a s the excitationsources. The laser beam was modulated acoustooptically to give rectangular pulses with a 3 nsec r i s e time although the time response of the electronics used in these experiments was not that fast. The width of the pulse could be varied continuously from about 20 nsec to several psecs, but most measurements were made with 100 nsec pulses. The scattered light, after dispersion by the Spex monochromator, was detected by the FW-130 photomultiplier. After feeding the signal to a time-toamplitude converter, a decay curve was then obtained on a pulse height analyzer. Lifetimes ranging from about a 10 nsec lower limit could readily be measured. In the lifetime measurements the spectrometer resolution was maintained a t 2 cm-' or better s o that a single re-emission line could be isolated. All data were obtained in the frequency region of the vibrational fundamental (a frequency shift from the incident laser of about 213 cm-I).
To study the behavior of the lifetime on and off resonance the spectrometer was s e t t o -216 cm'l to isolate the S branch of the triplet shown in the bottom of Fig.  6 . The modes of the incident laser were then changed s o a s to a t first be on resonance with the R(15) transition resulting in this re-emission and then t o gradually move out of resonance with the transition. Although the laser was being shifted away from resonance, because the spectrometer was set at a specific frequency the behavior of a single discrete intermediate state was still being studied without interference from other transitions. Similar experiments at -213 cm-I were done on the Q branch [resulting from both the R(15) and P(13) transitions]. The time decay results25 of the S branch a r e shown in Fig. 7 . The laser pulse in these measurements was 100 nsec wide. The 0.0 GHz spectrum was obtained by adjusting the laser frequency to obtain the maximum intensity of the re-emission from the P(13) and R(15) transitions, i. e., to be precisely a t resonance. The other time decay measurements were made by shifting the laser modes away from this resonance position. The l / e lifetime (-300 nsec) of the on resonance (0.0 GHz in Fig. 7) is significantly 1-----r-7 --r----LASER PULSE 1 ! " :
Time decay data for pulsed excitation of molecular iodine. The spectrometer was set to observe the re-emission from the Raman shifted S branch (-216 cm-' shift) of the 43'-0" R(15) transition. The laser pulse is shown in the upper left. In the lower left is the time decay data obtained for resonant excitation and on the right a r e data for off-resonant excitation shifted by 1.2 GHz and 2.2 GHz from exact resonance. The accumulation time was substantially different for each plot ranging from a few minutes for the 0 Gflz decay plot to several hours for the 2.2 GHz decay plot.
shorter than that obtained in prior measurements. 29 This results from diffusion of iodine molecules out of the narrow illuminated region focused on the spectrometer entrance slit, thereby selectively discriminating against the long-lived events. With larger slits, we recorded lifetimes of -1 psec, consistent with prior measurements. At 1 . 2 GHz off resonance there a r e clearly two different lifetime contributions-one short-lived re-emission, decaying in a time limited by our 10 nsec tempor a l resolution, and one long-lived component with the same decay constant a s the 0.0 GHz measurement. Naively, on the basis of a single physical process one may have expected to s e e a continuous change in lifetime in this region and therefore may be tempted to interpret these results at 1 . 2 GHz a s supportive evidence for two independent physical processes (longlived resonance fluorescence and short-lived Raman scattering). However, consideration of the magnitudes of the quantities involved shows that it results from the complicated line shape of the iodine absorption. It must be remembered that a frequency shift a s small a s 20 MHz from resonance results in an uncertaintylimited lifetime of 10 nsec, the lower limit of our temporal resolution. In addition, the absorption lineshape of iodine is not determined by its natural (radiative and nonradiative) lifetime, but primarily by the Doppler broadening and the hyperfine splitting, resulting in a total linewidth of over 1 GHz. Consequently, incident frequencies in the wings of the absorption tail (see 1.2 GHz spectrum in Fig. 7) a r e on resonance (Aw < 100 kHz) with some components within the Doppler profile, and very far off resonance (Aw> 20 MHz) with others, giving the long-(natural lifetime) and short-(< 10 nsec) lived contributions, respectively.
Further off resonance at 2.2 GHz in Fig. 7 , the reemission is dominated by the fast response and only a weak residual slow response remains. Decay curves similar to the 2.2 GHz curve were obtained from 1.6 GHz off resonance to 2.6 GHz. Because of the weakness of the re-emission from this R(15) transition a t 2.6 GHz off resonance, measurements beyond this point were not made. In measurements between 0.0 and -1.5 GHz off resonance the excitation frequency was still in the wings of the Doppler tail, s o a s the incident frequency was moved away from resonance the intensity of the "longw-lived component progressively became weaker with respect to the "shortM-lived one. However, for incident frequencies beyond 1,6 GHz off resonance where the incident frequency was in the Lorentzian wings of the absorption the relative intensities of the two components no longer changed.
It i s worthwhile to note that the on-resonance (0 GHz in Fig. 7 ) predicted time response for y>> r given by Eq. (21) and depicted in Fig. 4 is not consistent with the response actually observed. Specifically, the leading edge of the pulse is predicted to have a r i s e quadratic in (I -e-rt), which i s very different from the dependence observed in Fig, 7 . This difficulty results from two effects. First, in the decay spectrum of Fig. 7 , the peak power of the laser was -50 mW, causing the resonant transition t o saturate. In edge of the pulse. In this figure we believe the devialarger than a natural linewidth for these transitions, tion from linearity in the decay portion of the log plot s o that for excitation frequencies near the center of the results from photomultiplier noise. A second effect Doppler broadened profile, the re-emission intensity causing the pulse to deviate from the simple (1 -e-rf)2 from the ensemble is to an excellent approximation dependence predicted by Eq. (21) results from the Doppgiven by !_", I G ( t ) 1 d~w . This integral is easily carl e r broadening. This broadening is typically much ried out using Eq. (20), with the following result: ' 
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In Fig. 9 this function is plotted, and in the insert in not be expected until the collision rate equals the rethe upper right it i s compared with the Fig. 8 data for emission lifetime. In Fig. 10 we present quenching the first 100 nsec. In the calculation (2r)" was taken data a t several different excitation frequencies obtained to be 125 nsec, the measured value in Fig. 8, and (2y)-1 by adding foreign gas, Nz, to the iodine cell. In Fig.  was taken to be 3 nsec, The agreement between the 10 the labels on each curve correspond to the frequency observed and calculated spectra is quite satisfactory, shift in laser modes (one mode -130 MHz) with the In the direct lifetime measurements reported here, we conclude that on resonance the lifetime i s slow and off resonance i t is fast. As discussed, the uncertainty principle allows direct measurement only of an upper limit t o the off-resonance lifetime. However, we might expect quenching behavior to serve a s an indirect meas u r e of intermediate lifetimes. By adding a foreign gas to the I,, quenching of the re-emission intensity would FIG. 9 . Linear and logarithmic display of time response predicted from Eq. (241 with a 100 nsec pusle. (23.1-' was taken to be 3 nsec for the l a s e r pulse rise time and (2r)-' was taken to 125 nsec for the room temperature I2 response time. The insert i s a linear display of the first 100 nsec of the response, and for comparison data points taken from Fig. 8 a r e shown. P(13) and R(15) transitions. The spectrometer was set to observe the fundamental Raman re-emission a t a frequency shift of about 216 cm". As expected, when the incident frequency is near the center of the resonance the foreign gas very rapidly quenches the fluorescence. Off resonance considerable foreign gas had to be added to the cell before a change in the fluorescence intensity was seen. One would like to conclude from this that a lifetime for re-emission could be calculated from that pressure, However, that would only be possible if all of the broadening resulted from inelastic collisions, i. e., those lifetime broadening col- lisions in which the molecule is knocked into a completely different quantum state. Pseudoelastic collisions, though, which interrupt the phase but leave the molecule in the same quantum state, may also take place. Broadening from such collisions in an offresonance experiment effectively increases the absorption linearly with pressure, but the quenching-decreases the fluorescence linearly with pressure, giving a press u r e independent intensity in the low pressure region. Finally a point is reached where the absorption saturates s o the overall fluorescent intensity s t a r t s t o decrease. The pseudoelastic collisions then, a s originally pointed out by St. Peters and Silverstein, 30 give a behavior qualitatively the same a s one would expect from a lifetime broadening mechanism, and conclusions may not be drawn about the system lifetime. To study the origin of the long-lived remnant shown in Fig. 7 at 2. 2 GHz, we have made a determination of the effect increased pressure has on the lifetime response. ' ' The decay curves obtained in Fig. 7 were obtained at -0.03 T o r r of I,. In Fig. 11 the decay curves obtained at -1.7 GHz off resonance with I, pressures of 0.25 T o r r and 0.03 T o r r a r e presented. At 0.25 T o r r of I, there a r e two prominent components to the scattering. One has a fast r i s e and decay (it follows the excitation pulse) and therefore results from the Raman contribution to the scattering [first term in braces in Eq. (23)]. The other contribution has a n exponential r i s e and decay and we attribute it to the r edistribution term. It has a lifetime of about 125 nsec, substantially shorter than the natural lifetime, a s expected, since at these pressures the lifetime i s given by l/(yN + ~r )
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As the I, pressure is lowered, y, decreases, s o the relative intensity of the redistribution term to that of the Raman term also decreases. Consequently, a s seen in Fig, 11 , at 0.03 T o r r of I, the long-lived contribution is greatly reduced with respect to the shortlived component, The lifetime for the slow component is longer than that of the redistribution term at the higher pressure although not a s long a s expected on the basis of the natural lifetime. It exhibits a shorter decay constant than expected owing t o the spatial resolution imposed by the narrow spectrometer slits used in the experiment.
As a further study of the effects collisions have on the spectral re-emission, high resolution spectra were obtained. The measurements were carried out by directing the scattered light througti an interference filter centered a t the Stokes frequency shift (-213 cm-') and into a piezoelectrically scanned Fabry-Perot interferometer with a 10 GHz free spectral range. The measurements were made in a near forward scattering geometry to reduce the effects of Doppler broadening and, a s in the lifetime measurements, the excitation frequency was shifted 1.7 GHz away from the center of the resonant transitions. The resulting spectrum for 0.25 T o r r of I, is depicted by the points in Fig. 12 . The sharp features in the spectrum result from Raman scattering from the S, Q, and 0 branches (in different orders of the interferometer) and the laser line which leaked through the narrow band filter. In addition to the sharp features there i s a broader underlying structure. We attribute this to redistribution scattering. The sharp Raman features have widths limited by Fabry-Perot resolution. In contrast, the redistribution scattering width regains the full width of the Doppl e r broadened transition.
The solid curve in Fig. 12 is a calculation of the spectrum obtained in the following manner. The frequencies of the sharp S, Q, and 0 Raman lines were fitted to coincide with the experimental frequencies and were assigned the expected 1, 2, 1 relative intensity ratios. Shifted 1.7 GHz away from each of the sharp Raman lines a redistribution band is located. Its shape i was determined from an optical absorption spectrum we obtained and its intensity corrected for an accidental absorption a t the Q branch resonance frequency. The resulting spectrum was then folded into a Lorentzian interferometer response function and a best fit to the data was obtained by adjusting the relative intensity of the total Raman to the total redistribution contributions. The resulting redistribution intensity after convolution with the slit function i s depicted by the dashed curve in Fig. 12 . For the spectra reported in Fig. 12 we found that the redistribution term had an integrated intensity of about 0.8 that of the Raman contribution. We believe the minor remaining discrepancies between the observed and calculated spectra result primarily from additional low intensity bands resulting from inelastic collisional transfer processes.
The possible contribution from inelastic collisions merits more discussion. Experiments were carried out t o determine if such collisions significantly influence the time decay and frequency data. First the spectral structure of the fundamental vibrational transition region (-180 cm-'-250 cm-' shifted from the laser line) was examined in detail. AS may be seen in Fig.  6 , where part of this spectrum is shown, transfer bands from inelastic collisions make only weak contributions to the spectrum. If substantial transfer band intensity from inelastic collisions were present in the 1 em-' frequency window of the S branch used to meas u r e the time decay, then near the region of the triplet strong transfer lines would be observed. Indeed, such lines a r e observed when several millimeters of foreign gas a r e added to the iodine. We conclude from their absence in our experiments that inelastic collisional transfer processes do not make a significant contribution to the lifetime data.
Since the relative intensities of the two contributions (instantaneous and long lived) in Fig. 11 for 0.25 T o r r pressure a r e approximately equal and since the broad and sharp features in Fig. 12 a r e also of the same order, we believe that in the frequency spectrum of Fig. 12 we a r e in fact observing the same contributions a s in the time decay spectrum, Fig, 11 , namely a contribution from pseudoelastic collisions. However, in the spectral measurements it was necessary to determine if inelastic transfer lines passed by the narrow band filter and the Fabry-Perot interferometer influenced the observed spectrum. Therefore we measured the total transmission through the narrow band filter with the low resolution (1 cm-I) spectrometer and compared the integrated intensity of the transfer lines to that of the S , Q, 0 triplet. From this measurement we found that the integrated intensity of the transfer bands from inelastic collisions is a factor of 3 too small to account for the redistribution data of Fig. 12 . We therefore conclude that the slow decay in Fig. 11 at 0.25 T o r r and the broad features in Fig. 12 result from pseudoelastic collisional redistribution processes. In the time decay spectra then, we may conclusively assign the long-lived component at 0.25 T o r r as resulting from pseudoelastic collisional transfer processes. Although we believe that the long-lived com- ponent in the 0.03 T o r r spectrum results from the same origin, we cannot rule out the possibility that it results from excitation a t the resonance frequency due to the spectral distribution of the laser pulse.' Experiments done a t lower pressure should elucidate this point.
In the off-resonance pressure sensitive lifetime data of Fig, 11 the contribution from redistribution scattering decays exponentially. If this contribution could be isolated in an experiment with exactly resonant excitation, for a 100 nsec pulse used in this work it should have a substantially different behavior, reaching a maximum somewhat after the termination of the excitation pulse due to the time evolution of the prepared state. Because of the limited frequency resolution in our time decay experiments, we have not been able to observe this effect for the pseudoelastic collisional processes. However, we have observed i t by studying the time decay of a transfer line resulting from inelastic collisions. As shown in Fig. 13 , the time decay curve3' of a collisional transfer line reaches its maximum after the excitation pulse is turned off.
B. Continuum resonance Rarnan scattering
In experimentsz0 above the dissociation limit in the continuum region the gaseous iodine was in a sample cell held at a temperature of about 420 OK. By setting the temperature of an I, reservoir to about 360 OK, an
Iz pressure of about 25 T o r r was maintained. Spectra were obtained at excitation wavelengths of 4965, 4880, 4765, and 4579 with a power level of about 500 mW. One half an atmosphere of gaseous nitrogen was introduced to one sample cell in order to measure the iodine temperature during a scattering experiment by monitoring the rotational distribution of the N,. The addition of the N, had a negligible effect on the structure and the intensity of the re-emission. The iodine temperature due to heating in the laser beam was determined to be 520-620 O K depending on the excitation frequency. 
FREQUENCY (WAVENUMEERS)
When the excitation frequency i s brought into the continuum region many wertones a r e again observed, a s has been reported p r e v i~u s l y~'~~ and a s i s shown in Fig. 14 for excitation with 4880 A. In contrast to the discrete case, the relative intensity of one overtone to the next varies in a systematic way. The structure within each overtone is real and results from the 0 , Q, S branches of the multitude of vibrational and rotational transitions that a r e occurring. This structure may be better seen under higher resolution conditions as shown in Fig. 15 for the overtone corresponding t o Av" = 5. As was first pointed out by Kiefer and Bernstein, 32 consideration of the Fortrat diagram for each of the rotational branches readily explains the origin of the structure in the spectra. In this figure the sharp features a r e all S branches and their labeling corresponds to the initial and final vibrational levels, respectively, of the Raman transition. Each line consists of several transitions within the S-branch manifold. Owing to the energy dispersion of the Q a n d 0 transitions as seen in a Fortrat diagram, 32 a well-defined band head i s absent, and therefore these branches a r e not well-defined discrete features in the spectrum. Instead, they lead to the broad underlying band seen in each spectrum.
In the region of discrete resonance Raman scattering a change in the laser frequency of 1 GHz resulted in a dramatic change in the scattering spectrum, In Fig.  15 , in changing the laser frequency from 4965 to 4579 A, over 1000 cm", the appearance of the spectrum has changed in a very continuous and systematic way. In particular, the relative intensity of the various hot bands has changed from a condition a t long wavelengths where low v" hot bands dominate t o a condition at shorter wavelengths where higher v" hot bands dominate. This systematic variation in which higher hot bands dominate a t higher laser energies i s true of all the overtones. Such a smooth variation in structure with incident frequency is expected on the basis of Eq. (11) and occurs because of the continuous variation in magnitude of the overlap factors a s a function of excited state energy.
To more quantitatively interpret these continuum resonance Raman spectra we have numerically calculated a,f in Eq. (11) for depolarized continuum resonance Raman scattering for several overtones and laser frequencies. In this calculation Eq. (11) was evaluated for transitions occurring via the B continuum states only. We have neglected t o consider the discrete states of the B potential well and the continuum states of the In,, potential whose shape, indicated schematically in Fig. 16 , is not well known. The potential curves for both the B ~t a t e~~*~' and the X state35 were obtained by interpolating between turning points which were empirically determined. Since the turning point data only included the banded region of the B states, we extrapolated the small internuclear distance side of the curve with an a+ b/r12 curve.
Once the potential curves were obtained, continuum wavefunctions for the B state and the bounded wavefunctions for the X state were calculated numerically on a computer. The wavefunctions were calculated by solving a radial Schrtklinger equation by an equivalent finite difference equation. 36 From the resulting wavefunctions, overlap integrals between the bounded vibrational states of the X potential and the continuum states of the B potential were calculated numerically. To evaluate the Raman intensity, overlap factors were calculated between all the relevant ground state vibrational levels and a series of continuum levels. A small enough net of continuum levels was selected s o that w e r l a p factors for continuum wavefunctions at energies not calculated could be obtained by interpolation. The potential curves were the J = 0 curves. At high J the shapes of the potentials change, and they both shift towards larger internuclear separation. 37 However, the effect of the rotational energy term does not substantially affect the shape of either the bottom of the X potential o r the high energy region of the B potential near the inside turning point. Since the dominant contribution to the overlap integrals comes from the region near this turning point, in the calculation reported here we have neglected changes in shape of the potential curves and have accommodated the changes in energies of the potentials as a result of the rotational term, by shifting their relative positions by the appropriate rotational energies. In this manner we have calculated the intensities of Raman transitions originating from the first ten thermally populated vibrational levels of the X state for J values up to J = 400. 38
Since only one intermediate electronic state is being considered, Eq. (11) may be rewritten to accommodate the singularity a s where p(w,) is the density of continuum states.
Using a,, we may now write Eq. (1) for each transition to include the rotational and vibrational population factors and the 0, Q, and S brand intensity factors as follows:
Here P is a constant that includes the vibrational and rotational partition functions, B is the iodine X state rotational constant, b , i s the rotational branch intensity factor a s given by Placzek and Teller, 39 and the zero of energy was taken to be the bottom of the X potential well. Using this expression the Raman intensity for each vibrational rotational transition was calculated. All the rotational levels with significant population (up t o J = 400) and hot bands originating from the v" = 0 to vf' = 9 ground electronic state levels were included in the calculation for each overtone. The calculated spectra were finally produced by convoluting the spect r a l intensity with a two wave number rectangular slit function.
In carrying out the calculation we have assumed that M(5) is constant. On the basis of calculation^^^ of the electronic transition moment in I, we would expect this approximation to be valid since M(5) is nearly a constant over the internuclear separation range of interest.
The contributions to the total intensity from the real and the imaginary amplitudes in Eq. (25) a r e oscillatory with laser frequency, a s shown in Fig. 17 . Here we have plotted the real (solid curve) and the imaginary (dashed curve) transition amplitude a s a function of the frequency above the B dissociation limit for the Raman transition v" = 4 -7. Note that these amplitudes make approximately equal contributions to the intensity and oscillate in a mutually compatible way-for incident frequencies in which one contribution is small, the other contribution tends to pass through a maximum. Similar behavior was observed for the other transitions. It should be noted that this oscillatory behavior of the imaginary part of the amplitude has been observed directly40 in the discrete-continuum emission spectra in the I, E -B transition,
In Fig. 18 we show the comparisons of the calculated and observed spectra for the Av" = 8 overtone and in Fig. 19 for the Au" = 3 overtone. The structure in Fig.  18 is similar t o the Az)" = 5 overtone shown previously. However, in the Av" = 3 spectrum in Fig. 19 for the 4965 and 4880 A excitations, there i s a clear distinction between the S-and Q-branch envelopes. This distinction has disappeared in the 4579 A spectrum. For high energy excitations these separate S and Q envelopes get washed out by the large number of h~t bands in the spectrum owing to the tendency of higher hot bands t o become more prominent with higher laser frequencies. On the other hand, a t lower excitation frequencies where only the transitions originating from low v" levels a r e strong, the S and Q envelopes may be resolved.
The calculated spectra for these two sets of overtones a r e shown on the right hand side of Figs. 18 and 19.
Since the 4965 A excitation line i s less than 100 cm" above the dissociation limit, a spectrum for this wavelength was not calculated because contributions to the scattering from the discrete states a r e expected to be large for this excitation line. The frequencies of the dominant freatures in the calculated spectra agree with those in the observed spectra within experimental er- r o r , The absolute intensity of the calculated spectrum for each laser line was scaled to the experimental intensity. Except for this scale factor, these spectra were calculated with no adjustable parameters.
In the calculated spectra, a s in the observed spectra, the trend toward the dominance of higher hot bands at higher l a s e r frequencies may be seen. This results from changes in the magnitude of the Franck-Condon factors with incident laser frequency. In all the calculated spectra there i s a general weakness of transitions originating from the lowest vibrational states (i. e., v" = 0, 1) a s compared with the observed spectra. We believe this discrepancy results from our approximation that the spectral features a r e completely governed by the B continuum states. We have neglected contributions to the sum in Eq. (11) from the 'II,, r epulsive state and from the discrete levels of the B state.
The ratio of the intensity of the second to seventh overtone was measured for each laser excitation frequency, and a calculated ratio was also obtained. For spectra taken at 4579 and 4765 A the calculated and measured intensity ratios agreed within experimental e r r o r (-10%). However, a t 4880 A the ratios differed by about 50%. Again we believe this difference at 4880 A results from including only the B continuum states in our intermediate-state calculation. We have not measured the relative intensities of a given overtone with laser frequency because variations in the absorption coefficient over the range of interest and also the thermal-lens effect complicate the experimental measurement.
